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Model for the Development of Vaccines 



This invention relates to a method of maintaining a live strain of human hookworm, and 
a related model for the development of vaccine candidates to protect against hook womi 
infection and other conditions. 

The development of vaccines for use as a treatment or prophylaxis against any one of a 
wide variety of different conditions is an extremely challenging scientific problem. In 
humans this is particularly challenging. However, because vaccines have been shown to 
be very successful at treating or preventing many types of conditions there is an on- 
going need to identify new vaccine candidates both to improve those vaccines currently 
on the market but also to treat and protect against conditions for which no vaccine is 
currently available. One of the key tools required in the development of vaccines is a 
method of maintaining an on-going and authentic supply of the appropriate vaccine 
antigen formulation and also a model that can be used to understand immune responses, 
monitor disease progression or to test potential vaccine candidates. Preferably, such a 
method and model should exhibit both the complete patency and pathology of the 
condition foUowing infection, and should also mimic the condition as closely as 
possible to that seen in a human host. 

One particular disease for which there is a need to identify a vaccine candidate is the 
human hookworm infection Necator americanus. It is currentiy estimated that a billion 
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people worldwide haAou, hookwonn mfeetio«s. U.em a leading cause of 

^a and malnutrition, partoularly in child«n and women of child bearing age in 
developing counties [Chan. M. e. al. Parasi«,logy 109: 373-387 (1994); Hotez. P. 
and Pritehaxd. D. 1. Scientific American 272(6) 42-48 (1995); S»phenson, L. 
PaUiophysiology of ln.e«inal Nema«,des. ITe Geohelmin^s: Ascaris. Trichuris and 
Hookwonn. C. V. Holland and M. W. Kennedy. Boston. Kluwer Academic Press. 2: 39- 
61 (2001)1. The infection is considered by many to represent a significant threat to the 
health and well being of afflicted communities and consequently efforts are being 
concentrated on developing a full understanding of the mol»=uIar biology of the host- 
pathogen interftce. with a view to developing efficacious vaccines to protect against 
hookworm disease. To tins end two major initiatives were recentiy announced, with the 
intention of increasing our knowledge of tire molecular genetics of hookworms (Tire 
Wellcome Trust Beowulf Initiative) and to develop rationally desired vaccines for 
hookworm infection CThe Hookworm Vaccine hntiativc, Sabin Vaccine Instin«e and 
George Washington University). However one of tite major problems witi, tirese 
programmes is ti«u ti« hookworm lifecyde is difficult to maintain in ammal models 
because of ti-e subtie adaptation of tire human hookworm to live in its definitive host. 
This also has tire result ti>at it is difficult to maintain an on-going supply of the 
hookwonn larvae witi, fl.e same molecular inte^ty as titat which infects humans. As 
such, to support tins work it will be necessary to develop a metitod of maintaining a 
.upply of human hookwonn and also a vaccine model in animals ti«t exhrl,its tire fill 
patency and pattiology of human hookworm infection. 
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Several hookworm models are currently in existence and these were developed to 
investigate the immimobiology of the human hookworm infection. These include the 
miirine model of himian hookworm infection where the adult mouse is infected with the 
parasite. This model has several problems that include that the adult mouse is xmable to 
retain adequate numbers of larvae in the gut. As a result the model is imable to exhibit 
either the parasitology or the immunology of the human disease sufficiently accurately 
to be used as a mimic for the disease as exhibited in humans. It can not therefore be 
used as a model for the development of either a vaccine or other medicaments. 

In addition to the murine hookworm model, a canine model is also in use. Although 
this model is able to exhibit a form of the disease, the canine host is unfortunately 
unable to support human hookworm and so the model utilises Ancylostoma caninum^ 
the dog hookworm. While such a model is valuable for proof of principle studies, for 
example with trial vaccines, it clearly has several limitations with respect to use as a 
model for studying hviman hookworm for the development of a human hookworm 
vaccine because it utilises a different hookworm species. 

Finally the hamster has been studied for use in work of this type. It has been shown that 
it is not possible to infect an adult hamster with the disease and therefore this species 
can not be used as a model as such whereby for example the animal could be pre- 
vaccinated prior to challenge etc. A further problem also exists in that the model does 
not respond to L3 larvae, again because of the inability to use adult animals. However, 
the hamster has proved to be a valuable tool for the maintenance of a hookworm strain 
in the laboratory. The neonate is infected with the hookworm larvae, the hookworm is 
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passaged through the animal, collected and then either iised for experiementals purposes 
or re-passaged to maintain further supplies. Hookworm obtained in this manner has 
proved useful for further understanding the protective inflammatory responses to 
hookworm challenge following vaccination Ghosh, K. and Hotez, P. The Joumal of 
Infectious Dieases 180: 1674-1681 (1999); Hotez, P. J., et al. hnmunological Reviews 
171: 163-172 (1999); Liu, S., et al. Vaccine 18: 1096-1102 (2000); CuUey, F. J., et al. 
European Joumal of Immunology 32(5): 1376-1385 (2002). However, recently it has 
been shown that hookworm passaged in this manner does not remain true to the 
authentic strain of human hookworm. Hence there are several limitations when trying 
to utilise such material as part of a model for human hookworm for example for 
development of a vaccine, or other medicaments. 

As such to date, there are sev^al problems associated with the known animal models 
for development of human hookworm vaccines and it would therefore be desirable to 
develop a well characterised primate model to enable the future vaccine development in 
a species closely allied to man. Such a model would have several advantages including 
that it would be able to support the human hookworm infection throughout the whole 
life cycle, it would provide an on-going sovirce of authentic hookworm causative agent, 
it would provide a more effective mimic for the immunological response of a human to 
the hookworm infection and could therefore provide a greater xmderstanding of its 
pathology, and would also provide a better vehicle for monitoring the efficacy of any 
vaccine candidates. The model and associated methods could be used to provide 
materials required during the development programme, test the efficacy and toxicity of 
desirable vaccine candidates, assess adjuvants, delivery routes and systems, fi-equency 
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of inoculation, and to ascertain the immxinological phenotype associated with protection 
with a higher degree of experimental validity than is available to date with the known 
models. 

A method of maintaining human hook worm has now been developed which utilises a 
primate host. This method has been developed to provide a hookworm model that 
overcpmes the above problems. The method comprises infecting a primate, preferably a 
marmoset and more preferably Callithrix jacchus with non-passaged human hookworm, 
in this instance a field isolate collected in October 2001 from Papua New Guinea 
(Haven, Madang Province). The method has demonstrated for the first time that 
immunogenic patent and pathological infections can be established in a primate. By use 
of this method a model has been established which demonstrates the patency of the 
human hookworm infection when infected with fresh field isolate of Necator 
americanus obtained from infected human. This is the first time that a model has been 
reported which is authentically able to mimic human hookworm infection. 

Significantly data obtained from these models indicated that the pathology of the 
disease was much more severe in those primates that were infected with fresh field 
isolate when compared to animals infected with hamster adapted hookworm strain. In 
animals infected with fresh field isolate the haemoglobin levels, packed cell volume and 
erythrocyte counts were significantly reduced, while those infected with the laboratory 
strain showed no evidence of this pathology. This indicates that attenuation had likely 
occurred in the hamster adapted laboratory strain, presumably as a result of repeated 
passage through hamsters as this strain has been maintained since 1983. These results 
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further demonstrate that the hamster adapted laboratory strain of human hookworm has 
several restrictions when used as a mimic for human hookworm infection and is 
unlikely to be useful as an effective so^lrce of hook worm infection for use in a model to 
assess likely vaccine candidates. As such, development woric conducted using hamster 
source of hookworm infection is likely to be flawed. Interestingly though, one animal 
infected previously with the laboratory strain and subsequently infected with the field 
isolate may have been protected from pathology by the attenuated laboratory strain. 
Further assessment of the infection showed it to be associated with increased total 
plasma IgE levels and the appearance of specific IgG antibodies to adult worm 
excretory/secretory (ES) products. This was demonstrated by using ELISA and 
Western blotting techniques in conjunction with a panel of well characterised anti- 
human reagents. The appearance of antibodies seemed not be affected by the type of 
hookworm infection used and in both cases the immune response was reminiscent of 
that seen in infected patients in endemic areas. Finally, whole blood basophil histamine 
release was recorded to anti IgE. ES products, and a recombinant hookworm allergen, 
calreticulin, again in parallel with observations made in human populations. The 
basophil histamine release to multiple agonists was found to be most consistent in 
animals exposed to the field isolate, likely reflecting more efficient loading of FceRI on 
basophils with parasite-specific IgE, which was not detectable serologically due to the 
low sensitivity of anti-human IgE reagents in ELISA. Again these results demonstrate 
the limitations of the currently used hamster adapted laboratory strain of the hookworm 
infection and the advantages of the present invention. 

It is beUeved that this method provides for the first time a mechanism for maintaining 
human hookworm infection with the integrity of fresh field isolate. It is beUeved that 
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the associated primate model provides, for the first time, a unique opportunity to 
accelerate the development of a hookworm vaccine in a system where vaccine safety, 
delivery and efficacy can be assessed against worm establishment, parasite patency, 
infection associated pathology and immunological characteristics associated with the 
human hookworm infection. The infection of primates with firesh field isolates of 
Necator americanus will provide an adequate and informative tertiary model for the 
assessment of adjuvant safety in that the model offers many of the pathological and 
immunological features associated with hookworm infection of the definitive host. It is 
also beUeved that this model will provide for the first tune an opportunity to dissect 
imunologically and physiologically the relationship between parasitic infection and the 
development of allergenic sensitivity to environmental allergens thus accelerating work 
to establish any relationship between the apparent protective effects of hookworm 
infection against the development of respiratory wheeze to dust mites. 

It is an object of the present invention to develop a model for the use in the development 
of vaccines. It is a further object of this invention to develop a primate model that is 
able to exhibit the patency and pathology of human hookworm. It is another object of 
this invention to develop a model that can accelerate the development of a human 
hookworm vaccine. These and other objects of this invention, will become apparent in 
light of the following disclosure. 

Summary of the Invention 
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According to a first aspect this invention relates to a method of maintaining human 
hookworm comprising infecting a primate with human hookworm and maintaining the 
primate. 

According to a second aspect this invention relates to a method of obtaining human 
hookworm larvae comprising maintaining the hookworm according to the present 
invention and retrieving the hookworm larvae from the faecal material of the primate. 

According to a third aspect this invention relates to a method of developing a 
therapeutic agent comprising utilising human hookworm obtained according to the 
present invention. 

According to a fourth aspect this invention relates to a model for investigating human 
hookworm comprising a primate infected with human hookworm isolate. Tins 
invention also relates to the use of such a model. 

Tto^oll^ nftscriDtiop ^1**^ Invention 

All publications cited herein are hereby incorporated by reference in their entirety, 
unless otherwise indicated. 

The elements of the model are described in more detail below. 
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This invention relates to a method of maintaining human hookwomi comprising 
infecting a primate with human hookworm and maintaining the primate. 



The human hookworm is Necator amencanus. The human hookworm used in this 
method can be initially obtained from a wide variety of different sources. Preferably the 
hookworm is a non-adapted human hookworm, either obtained from a reliable source of 
human hookworm or more preferably the hookworm is fresh human hookworm isolate. 
The human hookworm isolate used herein was obtained from a fresh N. americanus 
isolate from an infected human, hi this instance faecal material was obtained from a 
hookworm infected individual living in Haven village on the Bogia Coast Road, 
Madang Province in October 2001, and was cultured as previously described Harada, Y. 
and Mori, O. Yonago Acta Medica 1: 177-179 (1955). Freshly cultured larvae were 
used to infect marmosets (Dstl, Proton Down, UK). As a control this larvae was also 
used to infect neonate hamsters (University of Nottingham, UK). 



This method comprises infecting a primate with the human hookworm infection. 
Preferably the primate used is a marmoset, more preferably Callithrix jacchus. 
Common marmosets (3 male and 3 female, bred at CBD Porton Down) weighing 319- 
516g were used. These were maintained as mixed sex pairs where the males had been 
vasectomised. Each pair of primates were housed in 4 stainless steel cage units 
measuring H72 x W47 x D60 cm connected together by 2 horizontal external 
extensions and 1 vertical extension (H18 x W71 x D23 cm and H105 x W 17 x D 23 cm 
respectively) in order to allow fiiU use of all 4 units. The cages comprised various items 
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of cage furniture, including hanging wooden dowels, buckets and other playthings, were 
also placed in the cages. Illumination was provided by sodium lighting, at a level of 
350-400 lux 1 m from the ground, using a 12 hour light/dark cycle with dusk and dawn 
effects over 1 hour periods. The primates were maintained on a daily diet of 20g pellets 
(SDS primate diet CPDE) with supplements of orange segments. Additional 
supplements included banana, apple and egg. The primates were additionally fed from 
a tray hanging below a horizontal extension on their cage which was filled with sawdust 
in which a small amount of preferred foods, such as raisins, was dispersed such that the 
primates could engage in foraging behaviour. Water was available ad-libitum. During 
behavioural training and testing the pairs were separated so that each had use of a single 
upper unit of its home cage with a rigid extension unit (H18 x W17 x D30 cm) attached 
to the front- 



The primates were infected with the hookworm isolate, preferably using transcutaneous 
infection. In one method, marmosets were anaesthetised with ketamine (15 mg per 
arumal) and an area of skin approximately 2 cm^ just below the scapula shaved. 
Infective larvae were placed on a gauze fixed to a self adhesive horse bandage 
(Intemational Market Supply, Dane MUl, Broadhurst Lane, Congleton, Cheshire, CW12 
ILA). nie bandage was subsequently wrapped around the thorax and held in place with 
a tubigrip jacket. The jacket and bandage were removed after 24 h. The primates were 
infected with from about 200 to about 1000 larvae respectively. 

The infected primates were maintained under study for a period of 3 to 12 months 
following infection. During this time primates were routinely observed to ensure that 
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they were taking food and water. They were also observed in case of the occurrence of 
any specific adverse signs, for example lethargy or problems of a respiratory nature 
following infection, and the like. Blood samples were taken twice monthly in order to 
monitor specific antibody formation, red blood cell count, haemoglobin level and 
packed cell volume. These were used both as a source of information regarding the 
progress of the infection and also, as the infection progressed, to ensure that the animals 
were not in danger of adverse side effects due to blood loss. All blood samples were 
taken in accordance with recommended animal welfare guidelines ("Removal of blood 
from laboratory mammals and birds". Laboratory Animals (1993) 22. 1-22). 

This invention also relates to a method of obtaining human hookworm larvae 
comprising maintaining the hookworm according to the present invention and retrieving 
the hookworm larvae from the faecal material of the primate using standard isolation 
techniques for example as described in Carr A. and Pritchard D. I., Parasite 
Unmunology 9 219-234 (1987). Human hookworm obtained in this manner can have 
many uses. For example this method could be used to provide an on-going sustainable 
source of human hookworm which maintains the patency, pathology and immunological 
characteristics of human hookworm in a human host. In addition human hookworm 
obtained in this manner could be used in a method to develop a therapeutic agent by any 
one of standard developmental techniques known to one skilled in the art. A specific 
example of a therapeutic agent that such hookworm could be used to develop is a 
vaccine, more preferably a human hookworm vaccine. Such a development method 
would provide several advantages over known development methods utilising known 
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neonate adapted hookwonn since the hookwonn would exhibit the patency, pathology 
and inraivmology of human hookwonn. 

This invention also relates to a model for investigating human hookworm comprising a 
primate infected with human hookworm isolate. In particular this model is one wherein 
the model itself exhibits the patency, pathology and immunology of the hookworm 
infection essentially as that exhibited in human host This model provides several 
advantages over the hookworm models akeady known. These include that the 
hookworm is a wholly representative model of human hookworm in a human host since 
it comprises a host which is known to be very similar to a human which has been 
infected with the human hookwonn itself. In addition, due to the similarities between 
the primate and the human, the rate of the adaptation of the human hookwonn, if at all, 
will be much slower in a primate host than in a murine host. This has the effect that the 
human hookwonn retains the same integrity as displayed in a human host for a much 
longer period of time. Such a model has many uses in the scientific areas of developing 
an understanding of the hookwonn infection but also in developing new methods of 
treatment and prevention of the hookwonn infection and related conditions. Examples 
of specific and important uses of such a model include, but are not limited to, the 
development of a hookwonn vaccine, for the investigation into the immunological 
response to human hookwonn, for the development of a greater understanding of the 
relationship between the hookwonn and allergenic sensitivity to environmental 
allergens, and for the development of a vaccine for protect against the development of 
respiratory conditions. 
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F.Tngrimental Results 

In order to ascertain the success of the methods and models disclosed herein several 
experiments were conducted to compare the hookworm obtained by the method of this 
invention, ie marmosets infected with human hookworm isolate, with a hookworm 
obtained from a control model, marmosets infected with hamster adapted strain of 
human hookworm, ie the hookworm strain typically used in laboratories today. 

The control primates were infected with hamster adapted laboratory strain of Necator 
americanus. The strain was originally obtained in 1983 from Dr G. Rajasekariah of 
Hindustan, CmA-GEIGY Ltd., Bombay, India and has been maintained in syngeneic 
DSN hamsters (Mesocricetus aureus) at the University of Nottingjiam since that date 
(Pritchard D. I. et al Parasite Immunology 8 359-367 (1986)). The laboratory strain has 
been maintained as follows. 2-4 day old neonate hamsters are infected percutaneously 
with 100 infective third stage larvae and the infection allowed to proceed until adult 
worms in the small intestine became fecund approximately 42 days post-infection. To 
obtain fresh infective larvae, faecal material containing N. americanus eggs are cultiired 
by a method described by Kumar, S. and Pritchard, D. I. International Journal For 
Parasitoloev 22(5): 563-572 (1992). Faecal material is mixed with activated charcoal, 1 
% (w/v) amphotericin B (final concenti-ation) and water to form a smooth paste, which 
is applied to the upper half of a 5 x 30 cm ship of filter paper. The strips are then 
suspended in a large glass chromatography tank containing approximately 750 ml of 
distilled water. The tanks are sealed and incubated at 28 °C for 7-10 days, after which 
tiie filter paper strips carefully removed and discarded. The water containing the larvae 
is transferred to a measuring cylinder and tiie larvae allowed to settie for 2 h. After tiiis 
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period the water is aspirated off and the larvae washed twice to remove any faecal 
contamination. Finally, washed larvae are re-suspended and stored in distilled water 
until required. The strain used in these experiments has been passaged approximately 
460 times through DSN hamsters since the time that it was initially obtained from Ciba 
Geigy in 1983. The control primates were infected with the hamster adapted laboratory 
strain oiNecator americanus as described above. 

The primates were infected as follows: 

Primates 1 and 2 were infected with 300 laboratory strain larvae and re-infected with 
300 laboratory strain larvae on day 103. 

Primate 3 was infected with 300 laboratory strain larvae and re-infected with 300 
laboratory strain larvae on day 98. 

Primate 4 was infected with 300 laboratory strain larvae and re-infected with 300 
human strain larvae on day 98. 

Animals 5 & 6 were infected with 300 and 600 human strain larvae respectively. 



The following were monitored in order to assess the primate model: 

• Egg production which was assessed using salt floatation Keymer A. E. et al 
Parasitoloev 101: 69-73 (1990); 

• Haemoglobin levels (normal range 14.9-1 7. 9g/dl), erythrocytes (normal range 5.7- 
6.95 X lO^M), and mean erythrocyte cell volume (MCV, normal range 48-87 fl) 
were measured using a Baker 9000 haanatology analyser; 
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• Packed cell volume was measured using a Hawksley haematocrit centrifuge and 

reader (normal range 0.42-0.52) 
. Peripha-al blood leucocytes were measured using a Baker 9000 haematology 

analyser (normal range 7.3 x lO'/l). 

Further studies were also conducted to assess the human hookworm infection compared 
to that of the control hamster adapted laboratory strain. 

Adult N. americanus excretory/secretory (ES) products were collected as described by - 
Brown. A. and Pritchani, D. I. P.r..it. Tmrnunolev 15: 195-203 (1993). N. americanus 
infected hamsters were killed 35 days post-infection and the small intestine removed, 
cut along its length and placed in a petri dish containing Hanks buffered saline solution 
(HESS). The petri dishes were incubated at 37 to allow the adult worms to detach 
voluntarily ftom the intestine thus minimising the possibility of host tissue 
contaminating subsequent ES cultures. Detached adult worms were washed extensively 
in RPMI 1640 containing 100 i.u./ml penicillin and 100 ng/ml streptomycin over a 
period of 2 h followed by further culture in RPMI 1640 for 24 h. ES products obtained 
after 24 hours were stored at -20 °C until required. 

The proteolytic activity of normal and heat inactivated ES products was detennined 
using fluorescein isothiocyanate labelled casein (FITC-casein) as described by Beynon 
R. J. and Bond, J. S; Pmteolvtic eP ^^vmes-A practical approach. Oxford, IRL Press 
1989. 12 ^g of ES (20 jil) products were mixed with 10 \s\ of FITC-casein (stock 0.5 
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mg/ml) and 170 ^1 of 50 mM phosphate buffer. pH 6.5 containing 5 mM cysteine and 
incubated at 37 °C for 2 h. To stop the reaction and precipitate any undigested protein 
120 ^1 of 5 o/o w/v trichloroacetic acid was added and the tubes allowed to stand at room 
temperature for 1 h. Precipitated was protein removed by centrifugation at 13 000 g for 
10 minutes. Triplicate, 20 ^1 aliquots of the supernatant were added to 80 ^1 of 0.5 M 
Tris pH 8.5 and the fluorescence measured (excitation 490 mn, emission detection 525 
nm) using a Dynex MFX microplate fluorimeter. 

The expression and purification of recombinant caketiulin was conducted as follows. 
E. coli M15 (PREP4) transformed with the plasmid pQE-CalASig which encodes N. 
americanus calreticulin deleted by PGR of the N-terminal signal sequence and fused to 
6x histidine tag to facilitate affinity purification Pritchard, D. L, et al. Pa£a§ite 
tajnjffijology 21: 439-450 (1999) were grown overnight at 37 in LB broth containing 
kanamycin (30 ^g/ml) and ampicillin (200 »ig/ml). The culture was diluted 1:7 in fresh 
medium and, after 30 min, IPTG was added to a final concentration of 2.8 mM. After 
vigorous shaking for 3 hours at 37 °C, the culture was harvested by centrifugation. 

Recombinant calreticulin was purified using a a combination of 'Bugbuster' protein 
extraction reagent (Novagen) and a His Bind Purification kit (Novagen). Harvested 
cells were resuspended in Bugbuster reagent (5 ml per gram of ceU pellet) containing 25 
units benzonase per ml of Bugbuster reagent and incubated at room temperature for 20 
xnin. Insoluble cell debris was removed by centrifiigation at 16000 g for 20 min at 4 °C 
and the supernatant loaded direcfly onto a 5 ml His bind resin column previously 
equilibrated with 5 column volumes of 50 mM NiS04 followed by 3 column volumes of 
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binding buffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris-Cl, pH 7.9). Following 
application the column was washed with 10 volumes of binding buffer and 6 volumes of 
wash buffer (60 mM imidazole, 0.5 M NaCl, 20 mM Tris-Cl, pH7.9 prior to elution. 
Bound calreticulin was eluted with 6 column volumes of elute buffer (1 M imidazole, 
0.5 M NaCl, 20 mM Tris-Cl, pH 7.9). Fractions containing calreticulin as determined 
by protein estimation (BioRad) were pooled, dialysed against PBS and stored at -20 °C 
until required. The purified recombinant protein was sequenced by MALDI-TOF mass 
spectrometry to confirm its identity. 

The immunology was investigated by determining both the total IgE response and the 
specific IgG response in each of the primates. The total IgE response was determined 
by coating a 96 well polystyrene plate with 50 ^1 of a mouse anti-human IgE (BD 
Pharmingen, 5 ng/ml diluted in 0.05 M carbonateAiicarbonate buffer, pH 9.6) overnight 
at 4 °C. The plates were washed with phosphate buffered salme/0.05 % Tween 20, pH 
7.2 (PBS/Tween) and blocked with 200 ^1 of 1 % bovine serum albumin in PBS 
(BSA/PBS) for 1 h at room temperature. After blocking, the plates were washed again 
and 50 ^1 of marmoset serum (diluted 1:5 in 1 % BSA/PBS) added to each well and 
incubated overnight at 4 °C. In addition 50 ^1 of human IgE standards (doubling 
dilutions from 100 ng/ml to 1.56 ng/ml) were included on each plate. All assays were 
carried out in duplicate. Following overnight incubation the plates were washed again 
and 50 ^l of biotinylated mouse anti human IgE (2 ng/ml diluted in 1 % BSA/PBS) 
added to each well and incubated at room temperature for 2 h. After 2 h the plates were 
washed again and 50 nl of streptavidm conjugated to horseradish peroxidase (diluted 
1:1000 in 1 % BSA/PBS) added to each well and incubated for 1 h at room temperature. 
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The plates were washed one final time and developed with 100 ^1 TMB (0.1 mg/ml) 
containing 6 ^1 of hydrogen peroxide per 10 ml of TMB. The reaction was stopped by 
dding 20 jil of 2.5 M sulphuric acid and the absorbance of each well measured at 450 



nm. 



The specific IgG response was determined by coating a 96 well polystyrene plate with 
50 jil of N. americanus ES products (5 ^g/ml in 0.05 M sodium caibonateA,icaibonate 
«H o fi^ .nd incubatins at 4 °C overnight. The plate was washed with 
PBS/Tween and the wells blocked with 200 ^1 of 5 % skimmed milk powder/PBS for 1 
hr at 37 °C. The plate was washed as before and 50 nl of marmoset serum, diluted 
1 :100 in skhmned milk powder/PBS added to individual wells and the plate incubated at 
4 oc overnight. The plate was washed again and 50 nl of sheep anti human IgG 
(Binding Site) diluted 1:1000 in blocking agent was added to individual wells and the 
plate incubated for 2 h at room temperature. The plates were washed again and 
antibody binding visualised by the addition of 100 jil TMB prepared as described 
above. The reaction was stopped by adding 20 ^1 of 2.5 M sulphuric acid and the 
absorbance of each well measured at 450 mn. All assays were carried out in duplicate. 
ELISA values are expressed as the absorbance at 450 mn after the subtraction of a 
negative control. 

Sera from infected marmosets were also analysed by Western blotting. N. americanus 
ES products (10 ^gAane) were separated, under reducing conditions, by 12 % SDS- 
PAGE Laemmli, U. K. Nature 227: 680-685 (1970) and transfered onto a nitrocellulose 
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membrane Towbin, H., Staehelin. T. and Gordon, J. Proceedings of the National 
Arademv of Science 76(9): 4350-4354 (1979). Western blots were blocked for 1 h in 5 
% skimmed milk powder in TBS at room temperature. Marmoset serum (diluted 1:200 
in 5 % skimmed milk powder/TBS) was added to the blots and incubated overnight at 4 
°C. Blots were washed with TBS/0.05 % Tween 20 and then incubated in sheep anti- 
human IgG (Binding Site) diluted 1:1000 in 5 % skimmed milk powder/TBS for 2 h at 
room temperature. Following washing blots were developed in chloronapthol (10 
mg/ml) containing 30 nl of hydrogen peroxide. 

Furthermore, whole blood basophil collected from the animals was challenged for their 
ability to release histamine. 100 ^1 of whole blood was coUected from the primates into 
heparinised tubes and the volume was made up to 500 \i\ using Pipes buffer (0.01 M 
Piperazine-N'N-bis[2-ethaneculfonic acid], 0.14 M sodium acetate, 5 mM potassium 
acetate, 0.1 % glucose, 1 mM CaClj and 0.03 % human serum albumin, pH 7.4). 
Spontaneous histamine release was assessed following incubation for 1 h at 37 °C, 
while total histamine release was assessed when 50^1 of whole blood in 450 [il dHzO 
was freeze-thawed tiiree times. Standard histamine calibrators of 0, 10, 25, 50, 100 and 
250 ng/ml (Hycor Biomedical Ltd, Penicuik, UK) were included with each set of whole 
blood challenges, mediated by anti-IgE, ES products or recombinant calreticulin. 
Histamine released in each whole blood challenge was detected using a Histamine 
Assay Kit (Hycor Biomedical Ltd.). 50 \i\ of challenged whole blood was added to 
histamine-coated 96 weUs followed by 50 ^1 of mouse anti-histamine monoclonal 
conjugated to alkaline phosphatase. Following an incubation of 1 h at room 
temperature wells were washed three times with a provided EL\. wash solution. 
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Antibody binding was visualised by the addition of 100 ^.l of 1 mg/ml of p-nitrophenyl 
phosphate (pNPP) substrate The plates were developed for 1 h at 37 and the 
absorbance measured at 405 nm using a Dynex MRX absorbance microplate reader 
plate reader. For all samples and calibrators the percentage binding was determined by 
the following. 

Percentage binding =100 X Absoibance of Sample 

Average Absorbance of Zero Calibrator 

A standard curve was constructed by plotting the percentage binding against 

. .. 1. ^,iiWr,r and the levels of histamine in each challenge 

concemrauon loi vomu iiio«iu"i»w 

determined from this curve. 



Results 

Figure 1 shows the egg production, haemoglobin levels and packed cell volume of each 
different primate over time. 

Figure 2 shows the change in peripheral blood leucocytes and erythrocytes along the 
time course of infection in Primates 1-4. 

Figure 3 shows the change in peripheral blood leucocytes, erythrocytes and mean 
erythrocyte cell volume along the time course of infection in Ammals 5 & 6. 
Figure 4 shows the results from ELISA and Western blot analysis of the antigenicity of 
the ES products of N. americanus probed with post-infection marmoset plasma 
followed by anti-human IgG. For comparison, the peak day of antigenicity as assessed 
by band intensity on Western blot and peak egg output are indicated below. 
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Lane 1. Animal 1, 



Peak antigenicity day 70-84 



Peak epg day 70- 



112. 



Lane 2. Animal 2, 



Peak antigenicity day 70 



Peak 



epg 



day 



84/140. 



Lane 3. Animal 3, 



Peak antigenicity day 75 



Peak epg day 47-61. 



Lane 4. Animal 4, 



Peak antigenicity NA 



Peak epg NA. 



Lane 5. Animal 5 



Peak antigenicity day 33-123 



Peak epg day 48- 



103. 



Lane 6. Animal 6 Peak antigenicity day 33-123 Peak epg day 48-81. 

Figure 5 shows Basophil histamine release in infected animals following challenge with 
anti IgE, anti IgG, N. americanus excretory/secretory (ES) products (intact or heat 
inactivated (HI) to neutralise enzymatic activity) and a recombinant hookworm allergen, 
calreticulin (recCAL). Histamine release was measured using was detected using a 
Histamine Assay Kit (Hycor Biomedical Ltd.) as described in the materials and 



These results demonstrate that 5 from 6 animals exposed to hookworm larvae 
demonstrated evidence of infection as indicated by the appearance of eggs in faeces 
(figure 1). These results also demonstrate that all the animals reacted to infection 
immunologically, yet only animals exposed to the recently acquired field isolate 
demonstrated infection-associated pathology, with a dramatic reduction in haemoglobin 
'(Hb) and packed cell volume (PCV) 48-62 days post infection. It is possible that that 
animal 4 (figure 1, panel B) was protected against infection by the new field isolate by 
prior infection to what appears to be an attenuated laboratory strain. The dramatic fall 



methods. 
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in haemoglobin and PCV levels, aecomp^ried by evidence of a mioroeytic anaemia, 
presumably asadirecresultofblcod loss in tt.e lungs during ttansitbyinfecave larvae, 

and feeding by adult womis in the got (Girod, N., Brown, A. P., Billett, E. E. and 
Pritehard. D. I. Ullrmfi-/ '".r" >» <^*'» '» -^"^ ' * « 

when compar«l to animals 1-4 likely indicates dtat the hamster adapted laboratory 
strain had become attenuated and was therefore no longer able to exhibit to fidl 
pathology of the infection in the primates. TOs is reflected by the fact that the Necator 
adult secretions ftom the adapted strain have lost the ability to inhibit human platelets 
platelet aggregations as demonstrated according to Furmidge B. A. et al. Parasitology 
112 81-87 (1995). 

The results shown in Figures 2 & 3 demonstrate that the erythrocyte numbers in ammals 
5 ^d 6 were reduced dwing infection r«ching their lowest levels 40-60 days post- 
infection, corresponding to peak egg o«put (figure 3) but no such similar result was 
seen with animals 1-4 (figure 2). Similarly leucocyte numbers in animals 5 and 6 were 
s«n to increase during infecUon with the new field isolate but again no sud. tacrease 
v„s observed in animals 1-4 (figure 2). However, interestingly, animal 4 when re- 
infected with the new field isolate showed an increase in leucocyte mmtbets fbUowing 
re-infection (figure 2, panel B). It was also noticeable that animal 5, exposed to the new 
field isoh^e alone, in addition to showing evidence of pathology as assessed by PCV 
and haemoglobin levels also exhibited evidence of microcytic anaemia, m that infection 
with the new isolate had a significant effect on the mean erythrocyte cell volmne (figure 
3a). 
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In all cases the antigenicity of infection was confinned by the appearance of specific 
IgG antibodies in ELISA to N. americanus ES products (figure 4a-c). Antibodies 
recognised the classical hookworm 33kDa antigen (as described in Carr A. and 
Pritchard D. I., Parasite Immunology 9 219-234 (1987)) on Western blots (figure 4d). 
Although the response was stronger in some individuals than others the peak response 
on Western blots corresponded in most cases with peak egg output. 

As a result of the characteristic elevation of total IgE levels by hookworm infection, the 
sensitisation of basophils with hookworm specific IgE was also investigated. It can be 
seen ftom figure 5a that 5 out of 6 animals demonstrated significant histamine release to 
ES products and a recombinant hookworm allergen cahreticulin. To control for the 
possible non-specific release of histamine by enzymes in ES products (Phillips C. et al. 
Journal of Leucocyte Biology (2003) in press) some preparations were heat inactivated 
by boiling for 30 minutes to neutralise activity (untreated ES released 2439 ± 66.1 
fluorescence units over 2 h, no activity was detected in heat inactivated ES products). 
Significantly, heat inactivated ES products produced a similar level of release, 
indicating the presence of allergenic material in ES products. To control for the ability 
of basophils to release histamine, cells were also challenged with anti IgG and anti IgE 
(figure 5b). 3 out of 6 animals released histamine to anti IgE to a greater extent than 
that induced by anti IgG. The failure of animals 1, 2 and 4 to release histamine would 
suggest that the cells were not sufficientiy sensitised with hookworm-specific IgE 
(animals 1, 2 and 4 show the lowest levels of plasma IgE (table 1)), or tiiat a degree of 
receptor blockade was operating. 
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to addition «.e pathology of the Mec«d animals was also investigaM. An auU,psy was 
conducted on each of the animals (333 days post-infection, mamK,sets 1 and 2; 235 
days, mannosets 3 and 4; and 137. mam^osets 5 and 6). H-e small intestines were 
^oved ftom each mamoset. opened along their l«,gfl> and plac»l in Hanks saline at 
37 oc to aUow any remaining worms to detach. No residual wom« were observed in 
marmosets 1^. nine wonns w«e observed in marmoset 5 - these consisted of 4 males. 2 
females and 3 worms which were fixed "in si«- for histology and unable to be 
accurately sexed. 11 wom» were observed in mannoset 6 comprising of 5 males. 2 
females and 4 fixed 'in situ' of undetermined sex. 
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riaims 

1. A method of maintaining human hookwonn comprising infecting a primate with 
human hookworm and maintaining the primate. 

2. A method according to Claim 1 wherein the human hookworm is Necator 
americanus. 

3. A method according to Claim 2 wherein the human hookworm is non-adapted 
human hookworm, preferably fresh human hookwonn isolate. 

4. A method according to any of Claims 1 to 3 wherein the primate is a marmoset, 
preferably Callithrixjacchus. 

5. A method according to any of Claims 1 to 4 wherein the primate is infected with 
from about 200 to about 1 000 larvae. 

6. A method according to any of Claims 1 to 5 wherein the primate is infected with the 
hookworm transcutaneously. 

7. A method of obtaining human hookworm larvae comprising maintaining the 
hookwonn according to Claim 1 and retrieving the hookworm larvae from the faecal 
material of the primate. 
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8. A method of developing a therapeutic agent comprising utilising human hookwonn 
according to Claim 1 . 

9. A method according to Claim 8 wherein the therapeutic agent is a vaccine, 
preferably a human hookworm vaccine. 

10. A model for investigating human hookworm comprising a primate infected with 
human hookworai isolate. 

11. A model according to Claim 10 wherein the model exhibits the patency, pathology 
and immunology of the hookworm mfection in a similar manner to that exhibited in 
human host. 

12. Use of a model according to Claim 10 to develop a therapeutic agent, preferably a 
hookworai vaccine. 

13. Use of a model according to ClaimlO to investigate the immunological response to 
human hookworai. 

14. Use of a model according to Claim 10 to understand the development of allergenic 
sensitivity to enviroiraiental allergens. 
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15. Use of a model according to Claim 10 to develop a vaccine for protect against the 
development of respiratory conditions. 
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Abstract 



This invention relates to a method of maintaining human hookworm comprising 
infecting a primate with human hookworm and maintaining the primate and a related 
method for retiieving human hookworm larvae and use thereof. This invention also 
relates to a model for investigating human hookworm comprising a primate infected 
with hviman hookworm isolate and use thereof. 
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